ABSTRACT: Transparent exopolymer particles (TEP) exist abundantly in oceans and lakes and have been found to play an important role in sedimentation and biochemical cycling of matter. However, the origin of these particles and the factors regulating their formation are not well understood. This study examined several strains of algae and bacteria with respect to their production of TEP or TEP precursors. The formation rate of TEP in batch cultures of algae varied widely between species, and interspecies variability among diatoms was as large as that among species belonging to different classes or even divisions. Species, growth phase and environmental factors acted in concert in determining the accumulation of TEP in algal cultures and no general rules or patterns could be derived. The concentration of TEP during the growth phase of algal batch cultures, mesocosm or natural phytoplankton blooms was a significant function of chlorophyll a, confirming the significance of phytoplankton for the formation of TEP. Experiments with 3 bacterial strains and a natural bacteria population indicated that bacteria are also able to generate TEP, but the role of bacterial derived TEP for in situ TEP concentrations remains unclear.
INTRODUCTION
Many aquatic microorganisms generate large amounts of extracellular mucilage, especially when growth conditions deteriorate (Hoagland et al. 1993 , Myklestad 1995 . These exopolymer secretions can exist as tight capsules surrounding a cell or as loose slimes in no apparent association with any one cell (Decho 1990) . One type of mucilage, the transparent exopolymer particles (TEP) have recently received increased attention. TEP exist as discrete particles rather than as dissolved substances, capsules or surface coatings (Alldredge et al. 1993) and their role in aquatic systems differs appreciably from the non-particulate forms of exopolymeric substances (EPS) because, as independent particles, they impact aggregation dynamics (Logan et al. 1995) .
TEP exist abundantly in oceans and lakes (e.g. Alldredge et al. 1993 , Grossart & Simon 1997 and can reach several hundred µm in size, although the vast majority of particles are small (Passow & Alldredge 1994 , Mari & Burd 1998 . TEP are very surface-active and easily aggregate with themselves and other particles. Because TEP are an essential component of many types of marine and lake snow (Rieman 1989 , Alldredge et al. 1993 , Grossart & Simon 1997 , which represent the main vehicle for fast downward flux of organic matter (Fowler & Knauer 1986) , they play an important role in sedimentation of particulate matter (Passow et al. 2001) . TEP also change the food web structure by aggregating nanometer-sized particles, making them available as a food source for larger zooplankton like euphausiids (Dilling et al. 1998 , Passow & Alldredge 1999 , Prieto et al. 2001 . TEP can form abiotically from colloidal substances released by phytoplankton (Passow 2000) and bacteria (Grossart 1999 , Stoderegger & Herndl 1999 or from disintegrat-ing Phaeocystis spp. colonies (Passow 2000) , but the origin of TEP and the conditions leading to the release of TEP and their precursors are not well known and the bacterial contribution to TEP concentrations found in situ is not well understood.
The goal of this study was to investigate some of the factors leading to the release of TEP and their precursors. Several experiments were conducted with batch cultures of phytoplankton to test the hypothesis that the production rate of TEP is species-specific and that it depends both on the physiological state of cells and the environmental conditions. The relationship between TEP and chlorophyll a in cultures was compared to that observed during mixed phytoplankton blooms grown in mesocosms. Furthermore, the production of TEP by bacteria was examined.
MATERIALS AND METHODS
Experimental set-ups. All phytoplankton cultures (non-axenic) were grown in batch culture in f/2 media based on seawater (Guillard 1975) at 15°C and 100 µmol m -2 s -1 light on a 10:14 h light:dark cycle. Seawater and media were autoclaved separately to prevent precipitation, as precipitate interferes with the enumeration of TEP. In some experiments nutrient concentrations were lowered to about 30% of the full concentration of f/2 media to avoid excess growth, which would lead to self-shading.
Expt 1-TEP in cultures of different species of phytoplankton: The first set of experiments was conducted to compare TEP concentration in cultures of different algal species. TEP was measured in 9 different phytoplankton cultures, including 6 diatom species (Chaetoceros sp., North Sea isolate; Melosira nummuloides, North Sea isolate; Nitzschia sp., Santa Barbara Channel isolate; Rhizosolenia calcaravis CCMP 1518; Stephanopyxis turris CCMP 815; Thalassiosira rotula, Meunier, North Sea isolate), 1 dinoflagellate (Gonyaulax polyedra, CCMP 406), 1 coccolithophorid (Emiliana huxleyi, non-calcifying strain, PML 92d) and a green alga (Tetraselmis suecia, North Sea isolate). Cell number, chl a and colorimetric TEP concentration were determined every 2 to 3 d during the growth cycle of these species, but at least twice during the exponential and twice during the stationary phases. Values from each growth phase (exponential growth, stationary) were averaged. Slides for microscopical determinations of TEP were also prepared and investigated sporadically.
Expt 2 -TEP during growth and stationary phase: A second series of experiments was conducted with Chaetoceros affinis, Nitzschia angularis and Thalassiosira weissflogii to investigate the changes in TEP concentration during different growth phases of diatoms in more detail. Cultures of all 3 species were grown in f/2 media where all 3 macronutrients (NO 3 , PO 4 and Si(OH) 4 ) were reduced to 30%. Cell numbers, chl a and TEP (colorimetric) were determined daily during the growth and stationary phases.
The potential of abiotic TEP production was also estimated daily in the culture of Chaetoceros affinis as described in Passow (2000) . Briefly, all TEP were removed by filtering an aliquot of the culture through 0.2 µm polycarbonate filters (Poretics). Newly formed TEP were determined colorimetrically after 24 h of incubation in a Couette flocculator (volume: 1600 ml) at a shear of 24.9 s -1 . It is assumed that the amount of newly formed TEP was related to the concentration of colloidal TEP precursors.
Expt 3 -TEP concentration as a function of nutrient supply: A third set of experiments was conducted with cultures of Chaetoceros affinis to test the impact of Si(OH) 4 and PO 4 3 -limitation on TEP production. In one treatment, the concentration of PO 4 3 -was reduced (5 µM vs 26 µM), in another the concentration of Si(OH) 4 was reduced (130 µM vs 270 µM). As a comparison, 2 replicate cultures were grown in full f/2 media. Cell numbers, chl a, nutrient concentrations (NO 3 , PO 4 3 -and Si(OH) 4 ) and colorimetric TEP concentration were recorded daily in all cultures.
Expt 4 -relationship between TEP and phytoplankton: Two mesocosm experiments were conducted to determine the relationship between TEP and chl a during non-diatom blooms, because a consistent relationship between TEP and chl a had been observed in batch cultures of diatoms and during diatom blooms (Passow & Alldredge 1995b) . Two blooms were grown in a mesocosm (1400 l) during October 1995 and April 1996. A similar mesocosm experiment was described by Alldredge et al. (1995) . Briefly, seawater from a depth of 15 m was filtered through a sand filter and then inoculated with 50 l of surface water from the Santa Barbara Channel. Nutrients were added initially (NO 3 + NO 2 = 60 µM, SiO 4 = 50 µM, PO 4 = 5 µM), the temperature remained constant at 12°C and a 14:10 h light:dark regime was imposed. A propeller rotated slowly near the bottom of the tank. TEP and chl a concentration were measured daily. TEP concentration was measured colorimetrically. Unpreserved, intact colonies of Phaeocystis spp. do not stain when the colorimetric method is used to measure TEP (Passow & Alldredge 1995a) .
Expt 5-TEP production by different bacteria strains: Two experiments were conducted to investigate the production of TEP by 3 different strains of bacteria. Bacteria were isolated, cultured and provided by F. Azam. Two species of bacteria, SB1 and SB2, were isolated from seawater in the Santa Barbara Channel and 1 species, named Agg1, was isolated from aggre-gates collected by divers in the Santa Barbara Channel. TEP production by SB2 was investigated in the first bacterial experiment by adding 1 ml of the SB2 culture to 10 ml GF/F-filtered seawater and sampling after 20 h in the dark. During the second bacterial experiment, SB1 and Agg1 were each added to GF/F filtered seawater and both treatments were sampled after 12 h. One GF/F-filtered seawater control (no bacteria added) and an antibiotic control (bacteria + antibiotics) per treatment were incubated in parallel for each experiment. A mixture of ampicillin, chloroamphenicol and streptomycin was added to the antibiotic controls to achieve end concentrations of 5, 33 and 66 µg ml -1 , respectively. TEP concentrations were determined initially and at the end of each experiment. TEP were enumerated microscopically.
Expt 6 -TEP production by natural bacteria and by turbulence: This last experiment was performed to compare bacterial and abiotic production of TEP during different turbulence regimes. Six 1 l bottles filled with 1.0 µm prefiltered surface water collected in the Santa Barbara Channel during summer were incubated for 22 h at ambient temperature in the dark. The same mixture of antibiotics used in Expt 5 was added to 3 of the bottles to provide controls. One treatment and 1 control (without and with antibiotics, respectively) were exposed to laminar shear by incubation in a Couette device (Drapeau et al. 1994 ) at a shear rate of 8 s -1
. A second set of bottles was bubbled with a simple aquarium pump and the third set remained static. TEP concentration was measured initially and at the end of the experiment in all treatments using the colorimetric method. Bacterial abundance was determined microscopically after staining with Acridine Orange and counting at a magnification of 800 × (Kirchmann 1993) .
Sample analysis. Cell numbers of diatoms were counted in Fuchs/Rosenthal chambers at a magnification of 10 to 32 ×, depending on the size of the cells. At least 300 cells were counted in at least 6 replicate subsamples. Cell volumes were calculated from average length and width of cells assuming simple geometrical shapes (Edler 1979) . Chl a was measured in triplicate from 0.5 to 10 ml of sample, filtered on a 0.4 µm polycarbonate filter (Poretics), using a Turner Model 111 fluorometer (Parsons et al. 1984) . Nutrients (NO 3 , PO 4 3-and Si(OH) 4 ) were analyzed in duplicate with an autoanalyzer (Johnson et al. 1985) . TEP was measured colorimetrically in 4 to 6 replicate samples and calibrated with Gum Xanthan (Passow & Alldredge 1995a) for Expts 1 to 4 and 6. Replicate TEP slides for microscopical enumeration were prepared according to Passow & Alldredge (1994) by filtering 2 to 10 ml depending on the TEP concentration. The volume needed for filtration was determined microscopically by enumerating TEP on 1 to 3 test slides prior to the production of permanent slides. TEP larger than 5 µm were counted in 8 size classes (5-10, 10-20, 20-40,…, 640-1280 µm) for Expt 5. About 100 to 200 particles were counted at a magnification of 200 ×. The choice between the microscopical and the colorimetrical method to determine TEP depends on the information required. Microscopical enumeration is required when information on the size distribution of TEP is important, but as the sizing of odd-shaped particles and assumptions necessary for volume or area calculations are prone to error, the quantitative estimate is less reliable. The colorimetric method is preferable for quantitative estimates, but overestimates the amount of material present as individual particles, if organisms with stainable coatings are abundant (see Table 1 and Expt 5 for examples). Slides were prepared and checked when the colorimetric method was used to compensate for this disadvantage.
RESULTS

Expt 1 -TEP in cultures of different species of phytoplankton
This experiment was conducted to study speciesspecific differences in the occurrence of TEP. The average amount of TEP in cultures and the average amount of TEP per cell varied, respectively, by 2 and 3 orders of magnitude between species (Table 1) . The standing stock of TEP as measured colorimetrically was presumably overestimated for both Nitzschia species tested, as these species generated an Alcian Blue stainable cell coating. A light cell-surface coating was also observed for Rhizosolenia calcaravis, but free TEP were abundant.
Because cell sizes of the tested species differed appreciably, the amount of TEP was normalized to cell volume for interspecific comparison. The amount of TEP normalized to cell volume varied by only 1 order of magnitude between species or groups, in contrast to the idea that TEP are produced predominantly by diatoms (Table 1) . Cell volume-normalized TEP concentrations were high for several diatoms, but some non-diatom species (e.g. the dinoflagellate Gonyaulax polydera and the green alga Tetraselmis suecia) generated comparable amounts of TEP. Cell volumenormalized TEP concentration was low during growth, but high at senescence of a non-calcifying strain of Emiliana huxleyi.
Expt 2 -TEP during growth and stationary phase
Three experiments with Chaetoceros affinis, Nitzschia angularis and Thalassiosira weissflogii, respectively, were conducted to test the hypothesis that TEP are formed predominantly during senescence of phytoplankton cells. Concentrations of TEP were high in cultures of C. affinis and T. weissflogii and increased continuously during the growth and stationary phases ( Fig. 1) . Only small amounts of TEP were observed in the culture of N. angularis, but cells were coated with a stainable layer of Alcian Blue (see preceeding subsection).
Normalized TEP production and dynamics varied between species and changed with growth phase ( Fig. 2A) . Cultures of Chaetoceros affinis generated the largest amount of TEP relative to cell size. Normalized TEP concentration decreased during the growth phase of C. affinis (highly significant, r 2 = 0.95, df = 5, p < 0.001) and increased again in the stationary phase (weakly significant; r 2 = 0.96, df = 2, p < 0.01). Although the same trend was also visible in the 4 C. affinis cultures of Expt 3 (Fig. 2B) , it was not statistically significant in any culture (low degree of freedom). The normalized TEP concentration in the culture of T. weiss- flogii remained almost constant during growth. The slight increase during the stationary phase was not statistically significant. Normalized TEP concentration in the culture of N. angularis remained constant during the growth and stationary phases, reflecting the fact that alcian blue stained cell capsules in this culture. The potential of the 0.2 µm-filtered culture media of Chaetoceros affinis to form TEP abiotically is assumed to be a function of the concentration of TEP precursors. During the whole experiment, the amount of new TEP formed within 24 h was similar to the amount of TEP originally removed (Fig. 1A) , indicating that colloidal precursors of TEP and TEP themselves were in a dynamic equilibrium and that the concentration of TEP was small compared to the concentration of TEP precursors. Only if the concentration of TEP is small compared to their precursors, can TEP be fully replenished after their removal by filtration.
Expt 3 -TEP concentration as a function of nutrient supply
This set of experiments was conducted with Chaetoceros affinis to test the hypothesis that phosphate or silicic acid limitation would increase the cell-normalized TEP concentration. After Day 6, silicic acid is assumed to have limited growth in the treatment in which silicic acid was reduced (Si (OH) 4 -limited), as growth stopped almost completely (growth rate << 0.05 d -1 ) when the concentration of Si(OH) 4 dropped to values ≤ 2 µM, whereas phosphate and nitrate concentrations remained high (>12 µM and 541 µM, respectively: Fig. 3A,B) . Half-saturation constants (K s ) for Si(OH) 4 uptake by individual diatoms range from 0.3 to 22 µM (Nelson & Brzezinski 1990) .
Growth rates decreased appreciably in the treatment where PO 4 3 -was reduced (PO 4 -limited) when the concentration of PO 4 3 -was 0.2 µM and the Si(OH) 4 concentration was 9 µM on Day 6 (Fig. 3A,B) . Growth continued at low levels (growth rate = 0. assumed that the growth in this culture was limited by availability of PO 4 3 -. Half-saturation constants for PO 4 3 -uptake by oceanic diatoms are about 0.6 µM (Perry 1976 ). The exact relationship between growth rate and external PO 4 3 -concentration is difficult to establish, but as long as no other nutrients limit growth rate, the internal PO 4 3-pool remains small, and a linear relationship between PO 4 3 -and growth rate may be expected at low PO 4 3 -concentrations (Fuhs 1969). Maximal cell numbers and TEP concentrations were similar in both cultures (Fig. 3C,D) , and TEP concentration normalized by cell volume did not differ between treatments. The cell-volume-normalized TEP concentration was statistically the same as that in the 2 replicate cultures grown in full f/2 media (Fig. 2B) , where self-shading diminished growth after Day 6. The cell specific production of TEP increased in all treatments as growth rates decreased (in the stationary phase), independent of the limiting factors.
Expt 4-relationship between TEP and phytoplankton
Two phytoplankton blooms were conducted in mesocosms to investigate whether a relationship observed between TEP and chl a from diatom cultures and natural diatom blooms could be extended to non-diatom blooms. The mesocosm bloom in October 1995 was dominated by naked dinoflagellates and phototrophic protists and reached a maximum chl a concentration of 291 µg l -1 at Day 16. TEP concentration increased simultaneously until Day 17, when the maximum concentration of 7320 µg Xequiv. l -1 (Xanthan equivalents per liter) was reached (Fig. 4A) . No aggregates were observed after the bloom peaked, but several days later whitish, detrital flocs appeared.
The mesocosm bloom in April 1996 was dominated by Phaeocystis sp., and colony density reached a maximal value of 1100 colonies l -1 on Day 23. TEP concentration increased during the growth of the bloom, and both TEP and chl a concentration peaked on Day 24, at 1059 µg and 22 µg Xequiv. l -1 , respectively (Fig. 4B) . TEP continued to increase after the colony matrix began disintegrating (colony numbers decreased, chl a increased), but decreased thereafter when chl a declined. No aggregates formed during this bloom.
Data from natural blooms, mesocosm blooms and batch cultures all showed the same type of relationship between TEP and chl a. During the growth phase of phytoplankton the concentration of TEP as a function of chl a was, in all cases, best described (closest fit) by a power-law function of the type TEP = α (chl a) β , where TEP and chl a are given in µg Xequiv. l -1 and µg chl a l -1 , respectively. This relationship appears to be universal for many types of blooms and the values for α and β vary between blooms and species (Table 2) . The relationships were highly significant in all cases, with the exception of the bloom in East Sound. Values for β were ≤1, except during a natural bloom of Phaeocystis antarctica. During the stationary and senescence phases the relationship between TEP and chl a changed. Data from the 3 Chaetoceros affinis cultures of Expt 3 suggest an inverse relationship after growth has ceased (growth rate < 0.5 d -1
: Fig. 5A ). Because data collected during the senescent phase of mixed blooms (in situ or in mesocosms) comprised only 2 to 4 points each (Fig. 5B ), no general relationship could be derived for this stage, although TEP concentration increased with decreasing chl a concentrations.
Expt 5 -TEP production by different bacterial strains
The fifth set of experiments was conducted to investigate the potential of bacteria to generate TEP. Significant amounts of TEP were generated in seawater treatments enriched with Bacteria Strains SB1 and SB2: The abundance of TEP between 5 and 100 µm had increased after 12 and 20 h in experiments with SB1 and SB2, respectively. No significant difference in TEP abundance was observed for large TEP > 125 µm (Fig. 6) . No TEP was generated in treatments enriched with Bacteria Strain Agg1, the seawater control or any of the control treatments to which antibiotics had been added. Some capsules formed around bacteria cells of Agg1, but no TEP formed. As no TEP appeared in the treatment enriched with Agg1, it can be assumed that the production of TEP by indigenous bacteria was negligible even after the addition of dissolved organic carbon (DOC) to the culture media, and that TEP in treatments enriched with SB1 and SB2 was predominately generated by these strains.
Expt 6 -TEP production by natural bacteria and by turbulence
This last experiment was conducted to compare bacterial production of TEP under different turbulence 7 (Table 3) . TEP concentrations in the bubbled and the static antibiotic controls were not statistically different (Student's t-test) from zero, suggesting that no significant amount of TEP was generated spontaneously (static treatment) or was due to surface coagulation (bubbled treatment). In contrast, TEP concentration was elevated in the antibiotic control exposed to shear (t-test, p = 0.01), confirming prior studies that TEP can be generated very effectively by high shear rates (Passow 2000) . In all treatments, appreciably more TEP was generated in the absence of antibiotics compared to the respective antibiotic controls (t-test, p = 0.01), suggesting that the indigenous bacteria generated TEP (Table 3) . Concentrations of TEP and of bacterial abundances in treatments exposed to bubbling or shear were both significantly higher (t-test, p = 0.01) than in the respective static treatment ( Table 3 ).
Assuming that the abiotic formation of TEP from polymers due to surface coagulation or shear was not impacted by the presence of bacteria, and because no TEP was generated abiotically, TEP in the bubbled treatment must have been generated by bacteria. In the shear treatment, 11% of the amount of TEP generated was presumably formed abiotically, whereas the remaining TEP formation was associated with the presence of actively metabolizing bacteria.
DISCUSSION
Patterns of photosynthetic extracelluar release (PER)
and factors impacting such exudation have been studied extensively during the last decades (e.g. Myklestad et al. 1972 , Berman & Holm-Hansen 1974 , Hellebust 1974 , Myklestad 1974 , 1995 , Sharp 1977 , Mague et al. 1980 , Fogg 1983 , Lancelot 1983 , Decho 1990 . Nevertheless, general rules regarding PER are difficult to formulate, because the patterns of exudation, the total quantity and the factors enhancing release are highly species-specific (Decho 1990 , Penna et al. 1999 . Few studies have actually investigated conditions impacting the release of TEP precursors.
Although many marine organisms release polysaccharides into the water (Decho 1990) , most marine studies on TEP production have focused on diatoms or Phaeocystis spp. High concentrations of TEP have predominantly been observed during blooms dominated by diatoms (Passow & Alldredge 1994 , Mari & Kiørboe 1996 , Mari & Burd 1998 or Phaeocystis spp. (Riebesell et al. 1995 , Hong et al. 1997 ).
The coexisting diatom populations were held responsible for elevated TEP concentrations observed during 2 dinoflagellate blooms (Passow & Alldredge 1994 , Alldredge et al. 1998 ). Investigations of TEP in lakes suggest, however, that species of many other phytoplankton groups generate TEP (Grossart & Simon 1997 , Grossart et al. 1998 , Berman & Viner-Mozzini 2001 .
The experiments with different phytoplankton species illustrated that variability in TEP production between diatoms was as high as that between species from different algal groups. As cultures were not axenic, the concentration of TEP was determined both by phytoplankton and bacteria, but the good correlation between TEP and phytoplankton suggests, that predominantly phytoplankton determine TEP concentration. Earlier batch culture experiments have already suggested that differences in TEP production exist between different diatom species. The production of TEP by Chaetoceros neogracile was higher than that by Thalassiosira weissflogii or Nitzschia angularis (Passow & Alldredge 1994) . Normalized production of TEP by C. affinis tended to be higher than that of the diatom Skeletonema costatum or the flagellate Rhodomonas baltica (Kiørboe & Hansen 1993) . The amount of TEP generated by S. costatum during growth was in fact negligible and TEP was generated only during late senescence (Kiørboe & Hansen 1993) . S. costatum is also known for its extremely low production of total extracellular polysaccharides. Extracellular polysaccharides of S. costatum and C. curvisetus contribute 1 and 56%, respectively, to total cellular and extracellular carbohydrates (Myklestad 1995) , but the reasons for these differences are obscure.
A direct comparison between the present study and the above mentioned studies is impossible, as TEP was measured microscopically in the latter but colorimetrically in the present study. The experiments presented here confirm, however, differences in the production of TEP between species and show that not only diatoms, but also members of many other phytoplankton groups, e.g. dinoflagellates, green algae and coccolithophorids, can generate TEP abundantly. The production of TEP and the timing of maximal release are both species-specific characteristics. The ecological reasons for the production of TEP precursors may differ for different phytoplankton groups. The acidic polysaccharides, Shear 377 ± 10 42 ± 5 12.9 ± 4.1_ 0.2 ± 0.1 11.8 ± 1.9 Bubbling 195 ± 32 _5 ± 2 4.3 ± 0.9 0.2 ± 0.1 20.1 ± 4.7 Still _52 ± 14 _0 ± 9 1.7 ± 1.0 0.2 ± 0.1 13.4 ± 4.3 which are released into the water by calcifying and non-calcifying strains of coccolithophorids, for example, perform regulatory functions in the calcifying process (de Jong et al. 1979) . It is widely accepted that extracellular release by phytoplankton is high during the stationary phase of growth, but it is controversial under which conditions actively growing cells release significant amounts of material (Hellebust 1974 , Sharp 1977 , Mague et al. 1980 , Penna et al. 1999 . Similarly, TEP production also depended on growth phase and varied between species in the present study. Depending on species, TEP concentration normalized to cell concentration was elevated, the same or lower during the growth phase compared to the stationary phase (Table 1) . Expt 2 investigated the dynamics of TEP production during growth in more detail. TEP accumulated during the exponential and the stationary phase in all 3 cultures tested, verifying that TEP precursors can be released by actively growing cells and that the release of these substances is not only a direct consequence of environmental stress or cell death (Fig. 1) . During the growth and stationary phases, TEP precursors seem to be released actively or by passive permeation (leakage), whereas cell death and lysis are increasingly important for the formation of TEP by senescent cells (Baldi et al. 1997) .
Environmental conditions, especially nutrient limitation, also alter PER (Myklestad et al. 1972 , Fogg 1983 , Lancelot 1983 , Decho 1990 , Staats et al. 2000 . The quantitative and qualitative effects of nutrient limitation on patterns of excretion are species-specific, and the phase of growth during which limitation occurs also affects the rate of release in different ways (Myklestad 1974 , 1995 , Penna et al. 1999 ). The issue is further complicated by the fact that release patterns differ for different substances excreted (Obernosterer & Herndl 1995) . Chaetoceros affinis batch cultures grown under severe PO 4 3 -limitation (N:P = 100) yielded much higher PER than those grown under a more balanced nutrient supply (N:P = 16), but the release of polymeric carbohydrates did not differ significantly between growth regimes (Obernosterer & Herndl 1995) . The specific release of polymeric carbohydrates normalized to chl a was significantly elevated during the stationary growth phase (Obernosterer & Herndl 1995) . The response to nutrient limitation also depends on the species, and the rate of extracellular polysaccharide production in a culture of a different Chaetoceros sp. grown under P-or Si-limitation (N:P = 100; N:Si = 5) was negligible during all growth phases (Penna et al. 1999) . In the experiments presented here, the production of TEP or the cell-volume normalized TEP-production did not differ when C. affinis was grown under silicic acid (N:Si = 4) or phosphate limitation (N:P = 103) compared to growth under more balanced conditions (N:Si = 2; N:P = 20: Fig. 2 ). Normalized TEP production increased as growth rate decreased in the stationary phase, independent of the factor triggering a reduction in growth rate (nutrient limitation, self-shading).
The results of Expts 1 to 3 suggest that the production dynamics of TEP are highly species-specific and that they are not always the same as those of total released polysaccharides. Other environmental conditions have also been shown to affect TEP production. Light intensity affected the amount of TEP generated by Phaeocystis antarctica (Hong et al. 1997) . Carbon dioxide concentrations impacted the production of TEP during a bloom dominated by diatoms and colonial cyanobacteria (Engel 2002) .
Its dependence on environmental conditions suggests that the production of TEP may be a function of the growth rate of cells. Exudation of organic matter by phytoplankton is often a function of growth rate (Myklestad et al. 1989) . During experiments conducted with Chaetoceros neogracile, normalized TEP concentration was in fact positively correlated with growth rate (Waite et al. 1995) 1 . The experiments presented here for C. affinis at different nutrient concentrations (Expt 3) appear to confirm a correlation with growth rate, although the correlation was not statistically significant.
During the growth phase of phytoplankton, TEP concentration can be described as a function of chl a concentration (Table 2) , suggesting the dominance of phytoplankton rather than bacteria in the production of TEP. Although different for every culture or bloom, this relationship was always highly significant, except in the case of a diatom bloom observed in East Sound, off Washington, USA. The TEP concentration during the bloom in East Sound was relatively low, possibly because the dominating Thalassiosira mendiolana generated very little TEP , or possibly because the appendicularians removed TEP by their filtering activity.
During the majority of the blooms, the ratio between TEP and chl a concentration decreased during the progression of the bloom (i.e. β < 1), implying either loss of TEP or a decrease in the cell-specific production rate of TEP as the blooms progressed and growth rates decreased. The Phaeocystis antarctica bloom in the Ross Sea represents the only exception, presumably because larger colonies were more common at high chl a concentrations and because the release of material by disintegrating colonies is more likely with large colonies than small colonies (Hong et al. 1997) . Silicic acid concentration in the 25% Si treatment was 60 µM, not 6 µM as stated erroneously in the cited paper Although the major source of TEP in the ocean is assumed to be phytoplankton-derived, the role of bacteria for the production of TEP is potentially too important to ignore. Bacteria are known to generate copious amounts of polysaccharides, both as free exopolymers or as capsules and films (e.g. Decho 1990 , Cowen 1992 , Costerton et al. 1995 , Shibata et al. 1997 . Metabolically active bacteria constantly renew their capsules and a significant fraction of the capsular material is continuously released into the ambient water (Heissenberger et al. 1996 , Stoderegger & Herndl 1998 . These bacteria-derived exopolymers are thought to represent one source of TEP. The formation of TEP by a bacterial isolate and by a natural bacteria population has been shown (Grossart 1999 , Stoderegger & Herndl 1999 . These data suggest, however, that only 1 to 2% of TEP found in situ is of bacterial origin (Stoderegger & Herndl 1999) . Another experiment with a natural bacteria population also suggested that bacteria produce TEP but that they were of minor importance for the formation of TEP in situ (Schuster & Herndl 1995) .
I have shown that an indigenous bacteria population was important in the production of TEP (Expt 6) and that 2 out of 3 bacterial isolates generated TEP (Expt 5). This data thus confirms that bacteria can contribute to the generation of TEP. One of the bacterial populations examined did not generate TEP under the prevailing conditions. The time interval of the experiment was possibly too short for these bacteria to release any measurable amounts of TEP into the water via their capsules, as proposed by Stoderegger & Herndl (1998) .
The size frequency distribution of TEP formed by SB2 (Fig. 6) , which reflects an exponential decrease in particle abundance with increasing log size, is consistent with the formation of TEP from colloidal matter (Mari & Kiørboe 1996 , Mari & Burd 1998 . The low concentration of small particles in the treatment enriched with SB1 could be an artifact of counting; the large standard deviation in the small size classes supports this possibility. Alternatively the size distribution of TEP in SB1 may be dominated by aggregation of larger TEP (Passow & Alldredge 1994) , or reflect a different formation mechanism of TEP.
Although TEP can at times form spontaneously (Chin et al. 1998) or after stimultion by bubbling (Mopper et al. 1995 , Passow 2000 , only high shear rates caused the abiotic formation of TEP in Expt 6. Both shear and bubbling stimulated growth of bacteria appreciably (the estimated growth rates of bacteria in the static, bubbled and shear treatments were 2.5, 3.6 and 4.8 d -1 , respectively). Enhanced bacterial growth due to bubbling has been attributed to the higher availability of DOC to bacteria after surface coagulation (Kepkay & Johnson 1988 , 1989 . Higher bacterial uptake rates of macromolecules in stirred samples compared to static samples (Confer & Logan 1991 ) may explain the elevated growth rates in sheared samples.
The measured specific production rate of TEP (TEP generated per bacteria) was fairly similar in all 3 treatments, suggesting that, over 24 h, differences in the turbulence regime did not impact the abiotic coagulation of freshly released polymers. Either equilibrium conditions were achieved in all treatments in less than 24 h or, alternatively, bacteria generated TEP by a different mechanism, making differences in formation rates due to differences in the physical regime irrelevant. The simplest explanation of the data thus suggests that bacteria dominated the production of TEP and that the physical regime influenced the growth of bacteria, but not the formation of TEP. However, other explanations are possible if different processes cancelled each other out. The interactions between bacteria and TEP are complex (degradation, modification and production) and the presence of bacteria may have increased the abiotic formation of TEP by surface coagulation or shear.
The specific production rate of TEP by bacteria in all 3 treatments was very high, more than 1 order of magnitude higher than the average specific TEP production rate measured over a 10 d period of exponential growth in another study (Stoderegger & Herndl 1999) , and too high to be sustainable over longer time periods. Presumably the specific TEP production rate measured in experiment 6 represented a transient shortterm event. Possibly bacteria generate TEP without releasing TEP or precursors, by modifying organic substances present in the ambient seawater.
In situ and in most batch cultures, the production of TEP is presumably not a result of phytoplankton or bacterial activity alone, but of the interaction between bacteria and phytoplankton. Even in a simple system consisting of 1 diatom species and 1 bacterial isolate, the production of TEP is not predictable from individual production rates (Grossart 1999). Bacteria might be able to regulate the production of TEP by phytoplankton by stimulating the release of TEP precursors by phytoplankton. Bacterial hydrolysis of mucus from the surface of diatom cells may also enhance the formation of TEP (Smith et al. 1995) , and bacteria may alter substances released by phytoplankton so that they qualify as TEP. Experiments presented here show that factors regulating the release of TEP or TEP precursors are complex. Predictions are further stymied by the fact that very little is known about loss processes of TEP. One experiment comparing an axenic with a non-axenic batch culture suggests that bacteria in batch cultures degrade TEP (Kiørboe & Hansen 1993) , making our estimates of TEP production in batch cultures conservative. However, in other experiments, TEP was more abundant in mixed than in axenic cultures (Grossart 1999).
CONCLUSIONS
The release patterns of TEP by phytoplankton are different from those of bulk polysaccharides but similarly complex, with growth phase and species determining the impact of environmental factors. Within one species, growth rate, rather than specific environmental conditions, appears to regulate release of TEP and TEP precursors. The strong relationship between TEP and chl a observed during blooms and in batch cultures suggests that phytoplankton are a major source of TEP. Bacteria also generate TEP, although their qualitative contribution and the formation mechanisms of bacterially derived TEP are still awaiting discovery.
